Chlorosomes are likely the largest and most efficient natural light-harvesting photosynthetic antenna systems. They are composed of large numbers of bacteriochlorophylls organized into supramolecular aggregates. We explore the microscopic origin of the fast excitation energy transfer in the chlorosome using the recently-resolved structure and atomistic-detail simulations. Despite the dynamical disorder effects on the electronic transitions of the bacteriochlorophylls, our simulations show that the exciton delocalizes over the entire aggregate in about 200 fs. The memory effects associated to the dynamical disorder assist the exciton diffusion through the aggregates and enhance the diffusion coefficients as a factor of two as compared to the model without memory. Furthermore, exciton diffusion in the chlorosome is found to be highly anisotropic with the preferential transfer towards the baseplate, which is the next functional element in the photosynthetic system.
the reaction center, where exciton dissociation occurs. Time scales of the excitation energy transfer (EET) from the rolls to the baseplate have been estimated by time-resolved spectroscopy. [10] [11] [12] [13] [14] The EET from BChl c to baseplate BChl a in chlorosome from Chloro f lexus aurantiacus occurs for instance within 10 ps. 10, 14 A recent study 15 has suggested that intra-chlorosomal EET takes place in the time range of 117-270 fs. It has been difficult to obtain detailed structural information of chlorosomes owing to their large structural disorder. Thus the microscopic origin of the fast and efficient EET is still unknown. Recent interest in the EET in the FMO complex, [16] [17] [18] [19] [20] [21] red algae, 22, 23 and plants 24 motivates this study and suggests that a theoretical analysis of exciton dynamics in the chlorosomes might provide insights into their function as arguably nature's most efficient light-harvesting systems.
Recent understanding of biosynthesis of the BChl c in Chlorobaculum tepidum (C. tepidum) 25 has led to a well-characterized C. tepidum three-point mutant. 26 This mutant synthesizes a chlorosome that contains >95% BChl d and forms regularly-packed and tubular-shaped elements. 8 Ganapathy et al., 27 have proposed an atomistic structure of the rolls from the three-point mutant by using solid-state NMR and cryo-EM images: S yn-anti monomer stacks are basic building blocks, and they are organized into coaxial cylinders to form the tubular-shaped elements. Recent measurement of the linear dichroism spectra of individual chlorosomes 28 has confirmed that the chlorosomes from the three-point mutant are less disordered than those from a wild-type, which is compatible with the highly-symmetric structure proposed by Ganapathy et al. 27 The atomistic structures of the roll are shown in Figure 1 . The syn monomer and anti monomer stacks, Figure 1 (e), run perpendicular to the roll symmetry axis; n-BChl pairs form a ring with n-fold rotational symmetry.
These rings are stacked in-parallel so that they constitute a helical cylinder (Figure 1(a) ). Several concentric cylinders are further combined with a spacing of the order of 2 nm (Figure 1(d) ).
In this work, we combine molecular dynamics (MD) simulations, time-dependent density functional theory (TDDFT) excited-state calculations, and quantum stochastic propagation of the exciton dynamics to characterize exciton diffusion in the system proposed by Ganapathy et al. 27 We find that the supramolecular structure of the rolls enables transfer in the circumference direction, which is relevant for transfer to the baseplate. The environment induces the fluctuations in the electronic transitions of the BChl in the roll. The memory effects associated to these fluctuations assist the exciton diffusion through the roll and can result in the enhancement of the exciton diffusion as a factor of two as compared to the model without memory (Markovian model).
We briefly summarize the theoretical methods for the exciton dynamics. Details of the calculations and underlying assumptions of the theory will be presented elsewhere. Each Bchl d is treated as a two-level system of ground and Q y excited states. The time-dependent excitonic Hamiltonian coupled to the environmental degrees of freedom is given by
where the m denotes a state where excitation is localized at the m-th BChl (site) and all other pigments are in the ground state. R(t) is a nuclear configuration at time t. Here,
is an excitation energy of m-th site in the nuclear configuration R(t), and the bracket denotes an average over the nuclear configurations. The electronic coupling between m-th and n-th sites V mn is calculated within the point-dipole approximation. It is assumed that transition dipole moments are oriented along the line connecting N I to N III atom in a BChl and have 30 Debye 2 as the squared dipole strength estimated from the experimental data. 12 The time evolution of the exciton system is given by the time-dependent Schrödinger equation:
Following our previous work on the FMO complex, 21 we take a stochastic approach to obtain the fluctuations of the site energies. Site energy fluctuations are obtained by solving a set of Langevin equations with the white noise
where F m (t) is a random force; F m (t) = 0, and . A time step of 2 fs was employed, and the temperature was set at 300 K by the Langevin thermostat in the MD. The hydrogen atoms were constrained at their ideal positions using the SHAKE algorithm. After a 1 ns equilibration run, 20 ps production run was carried out and stored every 4 fs. The MD simulations were performed by a CUDA implementation of NAMD. 31, 32 Using the snapshots from the 20 ps trajectory, the Q y excitation energies for the syn and the anti monomers were obtained to calculate the averages and correlation functions of the site energies.
TDDFT excited-state calculations were performed with the long-range corrected hybrid functional of Becke (ωB97) 33 and 6-31G basis set in the presence of external point charges of all other molecules, as implemented in the Q-CHEM quantum chemistry package. 34 The average site energies were calculated to be 15243.0 and 15319. The ACFs and spectral densities for the syn and the anti monomers are shown in Figure 2 . The spectral densities were calculated as a weighted cosine transform of the correlation function: 35, 36 
The The population spreads faster in the circumference than in the coaxial directions. This anisotropic diffusion is due to the difference in the electronic coupling constants. Table 1 shows the electronic coupling constants between the initially excited monomer and its neighboring monomers. The electronic coupling between syn-anti monomers are larger than those between monomers from neighboring rings.
In order to quantify the exciton diffusion, second moments of the exciton propagation in the circumference and the coaxial directions (see Figure 1 (a)) were calculated and are shown in Figure   4 (a). The second moments initially scale quadratically and then linearly in time. The transition from the initial ballistic regime to the diffusive regime is observed at around 20 fs, which is similar to high exciton mobility J-aggregates. 37 The second moment in the circumference direction is about four times larger than in the coaxial direction. This anisotropic diffusion may play a role in the efficient EET: as it is proposed that the symmetry axis lies parallel to the baseplate, 9 while the memory effects become small in the presence of the large static disorder. In general, the static disorder broadens an absorption band, and it will be favorable for the chlorosomes to capture a wider range of light energy. On the other hand, presence of the static disorder leads to the slower diffusions. The MAD may be a mechanism to overcome negative effects of the static disorder inherent in the chlorosome, whiles preserving the positive effects of static disorder, both working in concert towards the most productive EET.
We have presented the theoretical study on the exciton dynamics in the chlorosome. We have shown that the exciton diffusion is highly anisotropic with the faster direction toward the baseplate.
The memory effects of the bath fluctuations increase the exciton diffusion coefficients by two times for broad range of the static disorder. We have proposed that the supramolecular arrangement and the memory-assisted diffusion are the microscopic origin of the fast and efficient excitation energy transfer in the chlorosome. The present methods can be applied to more complex systems, such as a system that includes many rolls and/or a baseplate. Work in such a direction will provide a further microscopic insight into the chlorosomes as well as a design principle of artificial light-harvesting systems. 42 
